Dwarfing genes are known to be widely used in crop breeding. Dwarf plants are compact and resistant to lodging, which makes them suitable for mechanical harvesting. Additionally, they can possess higher nutrient-use efficiency and be more resistant to diseases. Russian scientists have contributed significantly to the involvement of dwarf forms in breeding rye [1] , wheat [2] [3] [4] , sorghum [5] , triticale [6] , sunflower [7] , fruit plants [8] , etc.
In 1920 N.I. Vavilov, in his law of homologous series in variation, paid attention to appearance of dwarf forms and giants in genetically unrelated families (Gramineae, Papilionaceae, Urticaceae, Solanaceae, Rosaceae, etc.). These hereditary variations naturally repeated in different taxa were considered as a result of convergence, evolution, parallel variation or mimicry [9] . Subsequently, factors determining plant growth, as well as genetic and molecular mechanisms of the phenomenon, have been the subject of numerous investigations. Different dwarf varieties have been shown to carry mutations in identical genes. Among plant dwarf mutations the most thoroughly studied ones are those of gibberellin biosynthesis and signaling pathways. The Green Revolution, led by Norman Ernest Borlaug, an American breeder, plant pathologist and Nobel laureate [10] , was exactly due to dwarf forms actively used in 1940-1970s. The Green Revolution demonstrated new opportunities of involving variations of agronomic genes in breeding for higher crop yields [11] .
Currently, a lot of data are accumulated on how the genes involved in gibberellin biosynthesis and signal transduction regulate plant growth, and the factors responsible for the altered growth phenotypes were found. The objective of our review was to systematize these data, to give a scheme of gibberellin involvement in dwarfing plants, and to explain the molecular mechanisms underlying dwarf mutants traditionally used in plant breeding.
Gibberellins (GA; the abbreviation comes from the most known gibberellic acid -GA) are tetracyclic diterpenes capable of inducing a strong elongation of stems [12] . Among the currently found numerous GA produced by plants, only GA 1 , GA 3 , GA 4 , GA 5 and GA 7 are physiologically active. The active GA can be rapidly inactivated by adding methyl (-CH 3 ), hydroxyl (-OH), and other groups to the molecule. GA are involved in many stages of plant development, including seed germination, stem and root growth, meristem formation, flower, fruit and seed development, photomorphogenesis and circadian rhythms. In case of GA biosynthesis disorder and the lack of active GA, development of dwarf plants with dark green leaves is observed, sometimes with abnormalities of flowering, male sterility and a prolonged dormancy of seeds, to induce germination of which it is often necessary to remove the seed coat [13] [14] [15] [16] .
The plants with altered growth response are divided into GA-sensitive and GA-insensitive mutants (Table) . Replacement of amino acids in the GXSXG motif (lack of GFA-GID1 formation)
Growth response in mutant plants deficient in gibberellin biosynthesis, deactivation and signaling
GA-insensitive, dwarf [20, 24, 25] Rice d1 G (-subunit of heterotrimeric G-Enzyme, GTPase, EC 3.6.5.1)
Function in GA-signaling is not defined Semi-dwarf (growth response to GA is weakened) [26, 27] The first group includes mutants (both dwarfs and giants) sensitive to endogenous GA level. In these plants the mutations affect genes encoding enzymes of GA biosynthesis or deactivation. Therefore, dwarf plant growth can be stimulated by treatment with active GA, and giant plants growth can be slowed down by GA biosynthesis inhibitors. In plants of the second group the growth changes may be associated with disorders in gibberellic signal perception and transduction to GA-inducible genes. This group, unlike the first one, is characterized by a reduced response or insensitivity to GA. [28] (as amended): GGDP -geranylgeraniol diphosphate, GA 1-110 -gibberellins; CPS -ent-copalyl diphosphate synthase, KS -entkaurene synthase, KO -ent-kaurene oxidase, KAO -ent-kaurenoic acid oxidase; 13ox -monooxygenase hydroxylating gibberellic GA 12 aldehyde at C13 position; GA20ox, GA3ox and GA2ox -three groups of 2-oxoglutarate-dependent dioxygenases (GA 20 (Fig. 1) , which is also the precursor for carotenoids and unsaturated phytol, a diterpene alcohol forming part of chlorophyll. Gibberellin biosynthesis starts with the geranylgeraniol diphosphate cyclization occurring in the proplastid stroma [29, 30] . The final product of the cyclization is hydrophobic ent-kaurene. Its formation is catalyzed by ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS). Arabidopsis plants with a knockout mutation in the gene encoding CPS (ga1-3) are characterized by poor germination, dwarf type, underdeveloped root system, late flowering and male sterility [16, 29, [31] [32] [33] . Dwarf growth, flowering and seed formation disorders were also observed in pea, corn and rice mutants with knockout in CPS and KS genes, and also in the ent-kaurene oxidase (KO) and ent-kaurene acid oxidase (KAO) genes of the next phases of GA biosynthesis [13, 15, 17] . Treatment with gibberellin and its precursors restored normal plant phenotype, thus proving the important role of these enzymes in the biosynthesis of gibberellins.
The next stage of GA biosynthesis is a sequential oxidation of entkaurene to GA 12 aldehyde with two monooxygenases from R450 cytochrome family (see Fig. 1 ), tht ent-kaurene oxidase (KO) and ent-kaurene acid oxidase (KAO) of CYP88A1 subfamily. In Arabidopsis, KO is localized on the outer surface of the outer plastid membrane, while KAO is associated with endoplasmic reticulum membranes [16, 19, 29] . Due to the mutations that lead to the loss of KAO activity, dwarf plants are observed in maize d3 (dwarf3), barley grd5 (GAresponsive dwarf) and na peas (nana) sensitive to GA [17] [18] [19] . Further reactions, beginning with GA 12 aldehyde oxidation, occur in the cytoplasm and lead to the formation of various forms of gibberellins [28] [29] [30] .
The production of active gibberellin forms involves soluble dioxygenases, using 2-oxoglutarate as a substrate. One group of these enzymes is GA 20 -oxidases (GA20ox), and the other group is the C3,β-oxidases (GA3ox, or C3,β-hydroxylases), of which the former oxidize C 20 -gibberellins to C 19 -gibberellins, and the latter catalyze hydroxylation of GA molecules at C3,β position at the final stage of the biosynthetic pathway. Rice mutants with deactivated GA3ox and GA20 genes were stunted [13, 34] . Semi-dwarf rice mutant sd1 (semi-dwarf1), used in the Green Revolution, carried the mutation in the GA20ox gene [13] . Along with the biosynthetic enzymes, the third group of dioxygenases called C2,β-oxidases (GA2ox) is also important in maintaining active gibberellins pool. These enzymes transform active GA and their precursors to inactive forms by hydroxylating the molecule at C2,β position [29, 35, 36] . In addition to C2,β-oxidase, deactivation of gibberellins in rice plants may involve EUI epoxidase (Elongated Uppermost Internode phenotype) from the P450 monooxygenases family [28, 29] , and in Arabidopsis methyltransferase (GAMT1 and GAMT2, Gibberellin Methyl Transferases 1, 2) may be involved [37] . Thus, the pool of active GA is sustained by various feedback mechanisms, which regulate expression of GA biosynthesis genes (GA20ox, GA3ox) and GA catabolism genes (GA2ox). Expression of these genes is specific regarding particular time and localization, and depends on lighting conditions, temperature and phytohormones [29] . The expression of genes involved in the final stages of GA biosynthesis is inversely correlated with bioactive GA level. As GA is accumulated, the GA 20 -oxidase gene expression is reduced, and GA catabolism gene expression is enhanced [38] [39] [40] . In the mutant dwarf pea plants (le) [21, 22] with a lack of GA due to reduced function of C3,β-oxidases the transcriptional activity of GA biosynthesis gene (GA20ox) is high, while it is low for GA deactivation gene (GA2ox). In the pea mutants SLN (SLENDER) with elongated shoots the disorders affect C2,β-oxidase gene. In these plants due to suppressed GA deactivation the bioactive GAs are accumulated even despite a very small number of GA 20 -oxidase transcripts [23, 29] . G A r e c e p t i o n a n d t r a n s m i s s i o n o f t h e s i g n a l. The currently accumulated data allow to suggest that GA signal reception and transmission events involve gibberellins receptor GID1 (Gibberellin Insensitive Dwarf 1); proteins with conserved DELLA motif, negative regulators of GA-signaling; SCF (SKP-Cullin-F-box) E3 ubiquitin-protein ligase covalently attaching ubiquitin to the target protein, and 26S proteasome; transcription factors (TF) with a DNAbinding domain; gibberellin-regulated genes.
In the early 1990s the existence of a GA receptor at the plasma membrane (PM) was hypothesized. The hypothesis that the binding of gibberellin molecules with PM receptor is a necessary step in GA-signal transduction was experimentally confirmed using aleurone cell protoplasts. For many years aleurone layer of grains has served as a convenient model for the study of GA signaling and responses [30] . During seed germination GA causes -amylase synthesis in the aleurone cells and secretion of this and other hydrolytic enzymes to endosperm for hydrolysis of stocked substances, which are subsequently used in the heterotrophic nutrition of the developing seedlings. In experiments, GA 4 linked covalently to sepharose granules induced -amylase gene expression in aleurone protoplasts with no cell walls. The size of the granules prevented GA molecules from penetrating into the cells, therefore, phytohormone reception had to occur on the cell surface [41] . Hypothetical gibberellin receptor on the aleurone cells PM was not found. Nevertheless, a GA signaling scheme involving this hypothetical receptor was proposed. It was designed by analogy with mechanism known for animal cells hormonal signal transduction from transmembrane receptor of GPCR-type (G-Protein-Coupled Receptor) to heterotrimeric Gprotein (GTPase, EC 3.6.5.1) [25] . The question whether the GPCR-type receptors in plants exist or not has not yet been resolved [42] . Currently, this role is attributed to several transmembrane proteins [27] , while the G-proteins have been discovered, and their participation in the GA-signaling is indeed confirmed experimentally. Thus, the mutation in rice d1 (dwarf1) affects the gene encoding -subunit of the G-protein. Mutants in which G-protein activity could not be detected were stunted and characterized by attenuated responses to the GA [26] . However, the mechanism of participation of G-protein in GA signal transmission has not been conclusively determined [28, 43, 44] . It is known that G-protein modulated physiological responses not only for GA-signaling but also for other hormones (brassinosteroids, abscisic acid -ABA) and environmental factors (blue light, ozone) [43] .
GID1 gene (Gibberellin Insensitive Dwarf 1) was identified in rice dwarf mutants not responding to GA treatment [24] . It is believed to be the only GA receptor gene in rice [44] . Such a gene is also found in soybean and rape [45] . The relationship between the dwarf phenotype of plants and reduced GID1 gene expression in rape is allegedly caused by a mutation in the promoter region [46] . In the Arabidopsis genome three genes homologous to GID1 (AtGID1a, AtGID1b and AtGID1s) are identified. Triple insertion mutant for these genes has a pronounced short form and is unable to reproduce [47] .
Soluble GID1 protein is localized in the nucleus and in the cytoplasm [24, 48, 49] . Its C-terminal domain is highly homologous to plant carboxyl esterases of -and -hydrolase superfamily. However, GID1 is not esterase-active due to the substitution of key amino acid residues in the catalytic center [49] . In the GID1 there are HGG and GXSXG motifs conservative for carboxylesterase. The important role of GXSXG in GA reception is shown. The substitution of glycine residue (G) with aspartate residue (D) in this motif leads to the development of GA-insensitive dwarf phenotype in rice gid1-1 mutants [50] . The possibility of GID1b association with the plasma membrane in Arabidopsis leaf tissue has been demonstrated recently [33] , but the function of the protein with such localization has not yet been investigated. It is known that GID1 is composed of two domains different in size. The main part of the receptor (Cterminal domain) forms a pocket ( Fig.  2; 3, A) with the GA-binding site. The second small domain is located in the N-end of the protein [51] . When interacting with GID1, the gibberellin molecule is directed with its nonpolar part into the pocket of the protein, and the polar groups are bound to the receptor. In this, approximately 10 water molecules are also involved. Interaction with GID1 changes GA protein conformation so that N-terminal domain like a lid shuts the receptor pocket. GID1 binds only the active gibberellins, and its affinity to GA 4 is 20 times higher than to GA 3 . GA-GID1 complex is unstable (i.e., it quickly dissociates and then reassociates again) [50] . The affinity of this complex to DELLA-proteins is greatly increased. In turn, the interaction of the complex with DELLA significantly improves the stability of GID1-GA binding. It is shown that in the presence of DELLA protein the rate of dissociation of GA from GID1 decreases [50] . When GA-GID1 interacts with DELLA-protein, a triple complex GA-GID1-DELLA is formed. In this complex DELLA-protein with its N-terminal domain containing conserved sequences DELLA and TVHYNP binds with the GID1 lid protein. C-terminal domain of DELLA-protein, known as GRAS [53] interacts with the pocket GID1 protein fixing gibberellin molecule inside the complex [45] . GA-GID1-DELLA complex is recognized by E3 SCF SLY1/ GID2 ubiquitin protein ligase [47] (see Fig. 3, B) . In the recognition the important role is played by F-box domain-containing ligase subunit, the SLY1 (SLEEPY1) in Arabidopsis or GID2 (Gibberellin Insensitive Dwarf 2) in rice. These proteins of high affinity to the GA-GID1-DELLA complex induce interaction with ubiquitin protein ligase, which further leads to ubiquitination and subsequent degradation of DELLA-protein in 26S proteasomes (see Fig. 3 ) [47 52, 54, 55] . Interestingly, as a prerequisite for ubiquitination of DELLA-protein serves its relationship with GID1 containing GA inside its receptor pocket. It is shown that DELLA can also bind GID1 without GA, but this does not increase its affinity to the F-box proteins of ubiquitin protein ligase [33, 56] .
DELLA proteins suppress GA response because they reduce the expression of GA-dependent genes. Degradation of these proteins blocks their inhibitory effect, thereby triggering the expression of genes regulated by the GA [56] [57] [58] , the products of which are signals to the GA-induced plants growth and other GA-dependent responses, such as seed germination, flowering, etc. However, DELLA degradation is not always required to suppress its repressive functions. Proteolysis-independent DELLA inactivation is observed in the GA-GID1-DELLA complex and at GID1 overexpression [40, 49, 59] . P r o t e i n s c o n t a i n i n g F -b o x. In signal transduction pathway the GA induces degradation of DELLA repressor through interaction of GID1-DELLA with E3 SCF SLY1/GID2 ubiquitin protein ligase complex. First the part of the ubiquitin ligase in the GA-signaling was found in Arabidopsis mutant sly1-10 and rice mutant gid2-1, having a dwarf phenotype, insensitive to GA treatment. These mutants were also noted for an unusually high content of DELLA proteins [54, 55, 60] . Genes SLY1 (Sleepy) and GID2 (Gibberellin Insensitive Dwarf 2) appeared to be positive regulators of GA signal. They encode proteins containing conserved F-box domain of about 60 amino acid residues, which is required for the interaction with DELLA and its subsequent degradation. Mutations that lead to loss of function of the repressive DELLA proteins partially restored growth in gid2 and sly1 plants, thus confirming the assumption that the dwarf type was caused by DELLA accumulation [54, 55] .
SLY1 and GID2, containing F-box, form part of the E3 ubiquitin protein ligase complex of SCF-type, the main function of which lies in the electoral ubiquitin tagging proteins for subsequent degradation in the proteasome [60] . The name of SCF group is derived from the proteins that make up this sophisticated protein complex, i.e. SKR1 (S phase Kinase-associated Protein 1), CUL1 (Cullin) and a protein containing F-box domain [61] . The protein with F-box is responsible for target recognition. In Arabidopsis genome, 694 genes of proteins with this domain are identified. So proteins comprising F-box seem to form one of the largest protein families in plants [61] .
SLY1 or GID2 proteins with their N-terminal part bind SKR1 through F-box, and with C-terminal domain comprising highly conservative GGF and LSL they bind the target DELLA protein [60] . In gid2 rice dwarf mutants there was a deletion in the region coding F-box domain, and in Arabidopsis sly1-2 and sly1-10 mutants SLY proteins was C-terminal end truncated. Because of the damage the proteins lost the ability to associate with DELLA-protein [54, 55] .
Two GRAS sites of DELLA-protein are involved in interaction with Fbox protein domain, one of which has the conserved VHIID sequence, and the second comprises leucine repeated series (LR) [45, 56] . Thus, as the result of recognition by F-box protein of its target, a triple GID1-DELLA-SLY1 complex is formed. Interestingly, in mutants sly1-d due to the replacement of glutamic acid (E138) with lysine (K138) in GRAS domain the SLY acquired the ability to associate with the DELLA protein with its subsequent proteolysis regardless of the presence of the GA-GID1complex. These mutants were superior to dwarf plants in height [54] . I n t e r a c t i o n b e t w e e n G A a n d o t h e r s i g n a l i n g p a t h w a y s. Growth and development of the plants and their adaptation to external factors are under the control of plant hormones. Gibberellins are involved in many life processes of plants. However, in the absence of these hormones the development of stems, leaves and roots does not stop, but poor germinating and nonreproductive dwarf plants with altered sensitivity to external conditions are formed, indicating GA signal transduction to be a part of the complex signaling network, transmitting information from other external factors and hormones.
ABA (abscisic acid) and GA are antagonists, and each negatively regulates transcription of the other's biosynthetic genes. In addition, in case of promoters sensitive both to GA and ABA, the gene expression is influenced by these hormones oppositely [38] . It is known that auxin and GA stimulate growth of plant cells and tissues. These hormones have a positive effect on the biosynthesis of each other. Removal of the sprout apical buds, being the main source of auxin, caused a decrease in GA content in pea, poplar and tobacco [62] . Moreover, the interaction of signaling pathways of these hormones was identified so that auxin promoted GA-mediated DELLA degradation, and GA stimulated active polar auxin transport. In the study of poplar stem transcription profiles it was found that about 83 % of the GA-regulated genes were also regulated by auxin. These include genes of transcriptional regulators of auxin (Aux/IAA, auxin/indolyl-3-acetic acid), GA (DELLA) and ethylene signaling (EIN3-like protein, Ethylene Insensitive 3), as well as genes which products regulate the cell wall elongation [62] . Interaction of the signaling pathways of cytokinin, auxin and gibberellin in the shoot apical meristem is well-studied [63] . Low-GA and high-cytokinin levels in apex maintained the proliferating cells undifferentiated. High accumulation of auxin and GA enabled cell differentiation and determined the location of leaf primordia. Interaction between GA, auxin and ethylene is shown on the example of the formation of hypocotylous hook from etiolated seedlings in Arabidopsis. Hypocotylous hook protects the apical meristem, helping to move seedling to the soil surface. It is formed due to asymmetric growth of the inner and outer sides of the hypocotyl. Ethylene and auxin control the hypocotyl bending via DELLA degradation. At the same time, ethylene induces retardation of root growth in Arabidopsis, reducing endogenous GA level by blocking biosynthesis gene, and increases the stability of DELLA proteins [64] .
Thus, the active use of the dwarf forms of agricultural plants in breeding programs in 1940-1970s served as a powerful incentive for the research of genetic and physiological mechanisms of dwarf traits. Data accumulated over 30 years show that most of the known plant mutations associated with dwarf character are caused by disorders in metabolism or GA signaling pathways. However, changes in these processes at various stages may lead to opposite modifications of plant growth resulted in shortened or elongated stem. It is shown that the dwarfism in plants is associated with the lack of GA due to GA biosynthesis disorders or the accumulation of DELLA proteins, the repressors of GA-signaling, while giant plants are caused by an excess of gibberellins due to GA deactivation enzyme damage and(or) to the loss of the repressive function of DELLA proteins. Currently, this GA-induced suppression of repressive DELLA function seems to be the only characterized GA signal transduction pathway and explains well the role of gibberellins in hormonal regulation of plant growth. Nevertheless, probably, there are alternative GA signaling events, independent from DELLA proteolysis or incorporating G-protein, the role of which in the plant growth control has not yet been studied. Also, it remains unclear how the gib-berellins regulate the growth correlation between roots and stems. It is known that the roots are much more sensitive to GA than stems. The growth of the roots is activated by low GA concentrations insufficient to induce stem growth. Conversely, the GA concentration, being enough to activate stems tension, inhibits roots growth. It is believed that GAs are involved in plant shape control by adjusting stem to root growth rate [65] .
In the breeding and genetic studies the response of dwarf forms to exogenous GA is traditionally used as evidence of their differences in the dwarf loci [66] . Understanding molecular mechanisms that determine intraspecific variability of plant height allows forecasting effective crossing and source material selection to create the varieties and interline hybrids with a desired phenotype. Particularly, for optimum adjustment of sunflower, breeding of which was mostly focused on high-yield heterosis hybrids, it is preferable to use dwarf lines as parents. In the VIR (N.I. Vavilov All-Russian Institute of Plant Genetic Resources) genetic collection of sunflower there are lines with dwarf traits determined by nonallelic genes and, therefore, controlled by different physiological and genetic mechanisms [67] . In-depth studies of these forms, along with the elucidation of the physiological and genetic causes of their uniqueness are necessary for effective breeding source material and cross breeding.
Thus, it has been shown that many low-growing varieties involved in the Green Revolution carried mutations in genes responsible for metabolism or transfer of gibberellin signal (GA). GA is involved in seed germination, growth of stems and roots. Changes in different GA-dependent processes can lead both to dwarf and giant plants. Of plant GAs well-known to date, the GA 1 , GA 3 , GA 4 , GA 5 and GA 7 are physiologically active. Their production involves GA 20 -oxidase and C3,β-oxidase (or C3,β-hydroxylase). C2,β-oxidases are the main enzymes that can rapidly inactivate GA. Experimental data give reason to believe that in GA-signaling the GA induces degradation of DELLA repressor through GID1-DELLA interaction with E3 SCF SLY1/GID2 ubiquitin protein ligase complex. Poor growth may be associated with a disorder in GA biosynthesis or accumulation of GA-signaling repressors (i.e., DELLA-proteins), while the high growth may be related to the damage of GA deactivating enzymes or the loss of a repressive function in DELLA proteins. Nowadays, GA-induced suppression of repressive DELLA function is known as the only characterized GA signal transduction pathway. Nevertheless, alternative GA-signaling pathways, which role has not been studied yet, can not be excluded. In-depth physiological and genetic studies of dwarf and tall plant forms are necessary for effective breeding.
